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INTRODUCTION 


Bacillus  popllliae  Dutky  is  the  causative  agent  of  milky 
disease  in  the  larval  stages  of  Popillia  japonica  Newman,  the 
Japanese  beetle.    The  bacterium,  usually  in  the  spore  state, 
is  ingested  by  the  larvae  and  causes  death  in  2  to  3  weeks. 
During  this  period  the  number  of  spores  in  the  haemolymph  of 
the  larvae  increases  to  about  20  billion  per  ml.    As  the  dead 
larvae  decay  the  spores  are  released  into  the  soil,  ready  to 
infect  more  larvae. 

B.  popilliae  'could  be  effectively  used  as  a  bacterial  in- 
secticide if  spores  could  be  produced  efficiently  in  large  num- 
bers. This,  however,  is  not  the  case.  The  organism,  being  fas- 
tidious in  nature  grows  only  moderately  on  artificial  media  and 
spore  production  on  such  media  is  nonexistant.  Efforts  to  cause, 
the  organism  to  produce  spores  on  an  artificial  medium  have  met, 
with  failure  or  only  very  limited  success.  The  only  commercial 
method  of  spore  production  to  date  is  by  larvae  injection. 

Although  the  usual  method  of  larvae  infection  is  injection 
or  ingestion  of  spores,  it  is  known  that  vegetative  cells,  be- 
ing as  virulent  or  more  so  than  spores,  also  cause  the  disease. 
Therefore  if  large  quantities  of  the  vegetative  cells  can  be 
grown  efficiently  and  preserved  for  use  at  a  later  date,  by  a 
process  such  as  lyophilization,  vegetative  cells  could  be  used 
for  the  control  of  the  Japanese  beetle. 


The  purpose  of  this  study  is  to  determine  the  feasibility 
of  lyophilizing  vegetative  cells  of  3.  popilliae  and  of  main- 
taining a  high  survival  rate  in  the  lyophilized  product. 
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REVIEW  OF  LITERATURE 

BACILLUS  POPILLIAE 

Bacillus  popiiliae,  one  of  the  organisms  causing  milky  di- 
sease in  larvae  of  the  Japanese  beetle,  Popillia  .japonica  New- 
man, was  first  described  by  Dutky  (19*10).    Since  that  time  the 
majority  of  work  with  B.  popilliae  has  been  directly  of  indirect- 
ly oriented  towards  use  of  this  organism  as  a  biological  insec- 
ticide. 

Dutky  described  the  organism  as  a  slender,  nonmotile,  spore 
forming,  gram  positive  rod  which  preferred  anaerobic  conditions. 
The  original  isolation  was  on  blood  agar  and  unheated  egg  yolk 
media,  however  the  characteristic  spores  were  not  observed  in 
vitro.    A  method  of  grub  inoculation  was  devised  by  Dutky  in 
19^2  to  provide  sufficient  numbers  of  spores  for  large  scale 
dusting  of  Japanese  beetle  infested  areas. 

Both  the  vegetative  cells  and  the  spores  of  B.  popilliae 
have  been  described  as  pathogenic  for  the  Japanese  beetle  larvae 
(Dutky  19*10,  Dutky  19*1-7,  Kaynes  et  al.  19.61,  St.  Julian  et  al. 
1963,  Pridham  et  al.  196*0.    Dutky  (19^7)  maintained  B.  popilliae 
on  artificial  media  for  over  a  year  with  consistent  high  yields 
of  vegetative  cells  which  produced  milky  disease  and  abundant 
spores  when  injected  into  Japanese  beetle  larvae.    lie  also  out- 
lined some  of  the  growth  requirements  of  B.  popilliae,  indica- 
ting thiamine  as  being  essential  for  growth.    Other  factors-  af- 
fecting the  culture  yields  were  carbohydrate  content,  pH,  buffer 
capacity  and  reducing  capacity  of  the  medium. 


Steinkraus  (1957)  succeeded  in  obtaining  relatively  good 
growth  in  an  artificial  medium  comprised  of  tryptone,  yeast  ex- 
tract and  glucose,  or  other  simple  carbohydrates.,  although  the 
number  of  cells  per  ml  did  not  approach  the  number  of  cells  per 
ml  produced  in  the  insect  larvae.    Cells  grown  on  artificial 
media  exhibited  considerable  variation  in  morphology  and  in  re- 
action to  changes  in  environment  while  cells  grown  parasitically 
v/ere  more  stable  and  uniform  in  both  respects. 

Studying  nutritional  requirements,  Sylvester  and  Costilow 
(196^-),  concluded  that  in  synthetic  media  B.  po-oilliae  required 
biotin,  eleven  amino  acids,  thiamine  (as  did  Dutky  19^7),  bar- 
bituric acid,  glucose  and  K2EP0J+.    It  was  also  established  (Pep- 
per and  Costilow  l$6h)  that  glucose  or  similar  carbohydrates 
v/ere  not  catabolized  when  molecular  oxygen  was  absent.    This  is. 
in  contrast  tc  trie  conclusions  of  Dutky  (19^0)  who  stated  that 
3.  popilliae  was  preferentially  anaerobic.    Therefore  B.  po-pilliae 
was  found  to  be  strictly  aerobic  even  though  it  is  different  from 
other  aerobic  microorganisms  in  that  it  does  not  produce  catalase 
(Steinkraus  1957)-    This  is  thought  to  be  a  possible  reason  for 
the  loss  of  cell  viability  soon  after  the  organisms  reach  the 
stationary  phase  of  growth  on  artificial  media,  since  catalase. 
degrades  hydrogen  peroxide.     Some  merit  can  be  attributed  to  this 
theory  since  cells  in  the  stationary  phase  retain  viability  longer 
when  oxygen  availability  is  reduced,  and  since  a  system  for  pro- 
duction of  K2O2  was  consistently  found  in  older  cells  (Pepper 
and  Costilow  1965). 
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LYOPEIT.IZATION 
Methods 

Shackell  (1909)  drew  attention  to  the  importance  of  freez- 
ing and  drying  from  the  frozen  state  as  a  means  of  preventing 
damage  from  high  concentrations  of  dissolved  solids  during  the 
drying  of  liver  glycogen.    Drying  in  vacuo  since  that  time  has 
expanded  in  many  directions  both  in  methodology  and  in  usage. 

Generally  the  methods  used  are  divided  into  two  general 
categories;  freezing  by  evaporation  (Campbell-Renton  19l+2,  Ray- 
ner  19^3.,  Greaves  19^4-)  and  prefreezing  (Hammer  1911,  Swift  1921, 
Elser  et  al.  1935,  Hoe  1936,  Stillman  19lM).    In  the  former, 
small  amounts  (0.1 -.02  ml)  of  the  suspension  are  subjected  to  a 
relatively  high  vacuum.    The  suspension  is  frozen  due  to  the  loss 
of  heat  caused  by  evaporation  of  part  of  the  water  in  the  suspen- 
sion.   In  the  latter,  the  suspensions  were  first  frozen  and  then 
subjected  to  a  vacuum. 

Flosdorf  and  Mudd  (1935)  were  the  first  to  give  a  detailed 
description  of  the  method  known  today  as  the  "lyophile"  process. 
They  prefroze  cultures  in  a  Methyl  Cellosolve  -  Dry  Ice  bath 
and  attached  the  'cubes  to  a  manifold  which  contained  cold  con- 
densers for  the  removal  of  the  water  vapor.    A  variation  of  this, 
method  was  later  described  (Flosdorf  and  Mudd  1938)  in  which 
the  cold  condensers  were  replaced  by  Drierite.    3oth  methods 
were  successful  for  drying  bacteria  although  no  quantitative  re- 
sults were  given.    Many  other  workers  have  reported  results  using 
both  the  "lyophile"  process  and  the  variation  of  Flosdorf  and  Mudd 
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(1.938)  which  is  called  the  "Cryochem  process"    (Naylor  and  Smith 
19^6,  Glover  1 9^6 ,  Stamp  19*1-7,  Hornibrook  19^9). 

Since  seldom  did  any  two  workers  use  the  exact  same  tech- 
niques there  are  many  modifications  using  both  the  evaporation 
freeze  and  the  prefreeze  methods.    Presently  the  prefreeze  method 
is  generally  considered  more  acceptable  since  freezing  by  evapo- 
ration necessitates  the  use  of  much  smaller  amounts  of  material 
and  also  because  of  the  increased  concentration  of  salts  due  to 
the  loss  of  water  which  occurs  in  the  evaporation  process.  In 
most  cases,  the  method  of  desiccation  varies  either  as  to  the 
chemical  used  or  to  the  type  and  temperature  of  condenser  used 
to  trap  the  water  vapor  (Greaves  1.95*0  •    ?he  "lyophile"  procedure 
is  the  most  widely  used  and  in  the  words  of  Greaves  095*0; 
"apparatus  of  this  nature  will  be  found  in  many  laboratories  in 
all  parts  of  the  world". 

Stabilizing  Medium 

Prior  to  1. 9*^0  the  choice  of  suspending  medium  for  lyophili- 
zation  seemed  to  have  been  among  saline,  water,  serum,  blood 
and  some  type  of  meat  extract.    Exceptions  to  this  were  skim  milk 
used  for  drying  lactic  acid  bacteria  (Rogers  191*0  and  a  heavy 
suspension  of  killed  staphylococci  (Otten  1930)  which  greatly  im- 
proved survival  of  Haemophilus  pertussis,  Pasteurella  pestis  and 
Neisseria  meningitidis. 

Otten  (1932),  using  Vibrio  cholerae  was  one  of  the  first 
workers  to  compare  different  suspending  media.    His  work  showed 
an  increase  in  survival  of  V.  cholerae  when  distilled  water  was 
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used  instead  of  .  saline ■ and  even  higher  survival  when  meat  extract 
was  used.    Elser  et  al.  0935)  found  serum  better  than  either- 
saline  or  "broth  when  drying  N.  meningitidis  and  Neisseria  gonor- 
rhoeae,   Leifson  (1936)  dried  a  variety  of  organisms  in  water, 
0.3$  beef  extract,  1.0$  peptone,  pork  infusion,  and  pork  infu- 
sion and  blood,  finding  that  the  organisms  normally  thought  of 
as  more  sensitive  to  drying  (V.  cholerae  and  N.  gonorrhoeae)  died 
off  quickly  in  all  but  the  pork  infusion  with  blood.    The  more 
resistant  organism  (Salmonella  typhi)  survived  in  all  five  sus- 
pending media  for  at  least  6k-  days. 

Heller  (19V1)  used  \%  solutions  of  glucose,  sucrose,  salicin 
and  tryptophan  and  solutions  of  the  colloids:  starch,  gum  tra- 
gacanth,  gastric  mucin  and  peptone  also  In  1^  solution  to  dry 
Streptococcus  pyogenes  and  Escherichia  coli.    With  the  crystal- 
line compounds,  the  lower  death  rates  .were  observed  with  the  com- 
pounds which  the  organisms  could  dissimilate.    With  the  colloid 
compounds  tried,  the  death  rates  decreased  as  the  hydrophilic 
property  of  the  colloid  increased.    Highest  viability  was  obtained 
with  a  mixture  of  dissimilable  crystalline  compound  and  a  hydro- 
philic colloid. 

Stamp  (19V7)  conducted  experiments  using  10$  gelatin  and 
.0.25  to  0.5$  ascorbic  acid  to  dry  ten  different  organisms.  The 
more  resistant  organisms  showed  good  survival  rates  up  to  h  years 
but  the  species  more  sensitive  to  drying  gave  less  than  0.2$ 
survival  after  3  days  and  none  after  2  years. 

A  suspending  medium  containing  2.0$  dextrin,  0.5$  thiourea, 
0.5$  ammonium  chloride  was  worked  out  by  Kaylor  and  Smith  (19Lt-6) 
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with  viable  counts  taken  after  each  constituent  was  added.  They 
obtained  good  survival  when  drying  Serratia  marcescens  which  is 
fairly  resistant  to  drying.    No  information  was  given  on  the 
effect  of  their  suspending  medium  on  organisms  more  sensitive 
to  drying. 

Fry  and  Greaves  (1951)  carried  out  a  series  of  experiments 
in  which  both  resistant  and  sensitive  organisms  were  dried  using 
a  variety  of  substances  as  suspending  media.    They  found  that 
the  addition  of  5  to  10$  glucose  or  lactose  to  other  protective 
suspensions  greatly  increased  the  survival  rate.    In  one  experi- 
ment the  survival  of  V.  choleraewas  0.6%  after  5  years  when  dried 
in  "Mist  desiccans"  which  is  a  mixture  of  three  parts  serum  and 
one  part  broth  containing  7«5$  glucose. 

Over  60  different  compounds  were  usee  by  Miller  and  Goodner 
(1953)  to  dry  BCG.    They  found  that  the  best  survival  (10$  for 
1.0  months)  was  obtained  by  using  0.1$  to  0.25$  sodium  glutamate 
or  aspartate.    Haynes  et  al.  (1961)  lyophilized  12  strains  of 

popilliae    using  sterile  bovine  serum  as  a  stabilizing  medium 
and  found  viable  cells  after  5i~  to  20  months. 

Several  theories  of  the  protective  action  of  the  suspending 
medium  have  been  set  forth.    Among  these  is  that  of  Heller  (19Vl) 
who  suggested  that  the  protective  effect  is  concerned  with  meta- 
bolic processes    of  the  cell.    He  based  this  theory  on  the  fact 
that  in  his  experiments  E.  coli  was  protected  by  xylose  and  tryp- 
tophan which  it  dissimilates  and  not  by  salicin  which  it  does 
not  use,  whereas  3.  pyogenes  was  protected  by  salicin  which  it 
dissimilates,  but  not  by  xylose  and  tryptophan  which  it  does  not 


dissimilate. 

Miller  and  Goodlier  (1953)  proposed  a  theory  that  a  substance 
could  protect  a  cell  by  rendering  the  cell  wall  impermeable. 
However  results  obtained  by  Benedict  et  al.  (1961)  indicated  that 
this  was  not  the  case  since  efforts  to  dry  S.  rnarcescens  .using 
gastric  mucin  and  dextran  gave  lover  survival  either  alone  or 
when  incorporated  in  their  control  which  was  75$  cell  supernatant 
plus  2%  water,  than  did  their  control  alone. 

Scott  (1958)  postulated  that  a  fundamental  cause  of  death 
in  dried  organisms  is  the  alteration  of  cell  protein  by  reactions 
between  car bony 1  containing  compounds  in  the  cells  and  the  amino 
groups  of  cell  protein  which  results  in  removal  of  amino  side 
chains.    Pie  found  that  carbonyl  containing  substances  such  as 
glucose  and  particularly  ribose  caused  loss  of  viability  whereas 
sucrose  did  not. 

Cho  and  Obayashi  (1956)  found  that  \%  Na  glutamate  gave  a 
much  more  stable  product  when  used  to  dry  3CG.    Greaves  (1960a) 
found  that  the  optimum  concentration  of  Na  glutamate  to  be  be- 
tween 5  and  10$  which  lead  him  to  believe  that  the  Na  glutamate 
acts  by  neutralizing  the  carbonyl  groups  and  by  buffering  the 
final  water  content  at  \%.    Muggleton  0  960)  found  that  the  bene- 
ficial effects  of  Na  glutamate  were  abolished  by  the  carbonyl 
containing  glucose  but  not  by  sucrose.    Annear  (1 961+)  obtained 
5^  -57>  survival  of  Salmonella  ndolo  after  2h  months  by  soaking 
cellulose  tufts  with  a  suspension  'of  the  organisms  in  20%  Na 
glutamate  and  drying  under  vacuum  with  P2O5  as  a  desiccant.  No 
prefreezing  was  performed  and  it  was  thought  that  evaporative 
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freezing  did  not  occur.    Greaves  (1960a)  states:.    "In  the  present 
state  of  our  knowledge  a  drying  medium  should  be  compounded  as. 
follows:    t)  A  support  material  so  that  a  good,  solid  cake  is 
formed.    Use  %  dextran  or  5%  bovine  albumin.    2)    A.  buffer  to 
hold  the  final  water  content  at.  Use  5  to  10$  sucrose  or 

5%  Ka  glutamate.  3)  A  neutralizer  of  carbonyl  groups.  Use  \% 
lla  glutamate  if  sucrose  is  omitted.  I  find  this  drying  medium 
very  satisfactory  for  all  bacteria  and  viruses." 

Greaves,  as  so  many  other  workers  have  not  done,  did  not 
define  the  meaning  of  satisfactory  in  terms  of  per  cent  survival. 

Method  of  Freezing 
And  Other  Factors  Affecting  Survival 

The  rate  of  freezing  and  temperature  reached  can  have  a 
profound  effect  on  survival  of  dried  cells  since  the  cells 
killed  during  freezing  cannot  be  successfully  lyophilized.  Proom 
and  Hemmons  (19^9),  Luyet  (1951)  and  others  believe  that  cells 
are  killed  by  penetration  of  the  cell  wall  by  ice  crystals. 
Luyet  (1960a,  b)  established  that  the  faster  the  rate  of  cooling 
the  smaller  the  size  of  ice  crystals  formed,  and  at  a  high  freez- 
ing rate  (several  hundred  degrees  per  second)  there  are  no  cry- 
stals formed.    Few  cells  would  then  be  killed  by  ultrarapid 
freezing. 

Many  who  have  studied  freezing  rates  (Kazur  et  al.  1957a,  b 
Meryman  1956;  Keckly  et  al.  1958)  have  concluded  that  a  high 
percentage  of  cells  survive  when  frozen  slowly. 

Essentially  the  controversy  between  rapid  and  slow  freezing 
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is  one  between  the  theory  of  physical  damage  and  chemical  damage 
as  a  cause  of  cell  death  during  freezing.    Heryman  (1960a)  states 
that  much  of  the  confusion  concerning  freezing  rates  may  be  due 
to- the  additives  since  the  mechanisms  of  protection  during  slow 
freezing  may  be  quite  different  from  rapid  freezing.    Therefore  a 
substance  affording  protection  during  slow  freezing  may  be  quite 
ineffective  during  rapid  freezing  and  vice  versa.    Heckly  (1961) 
states  that  disagreement  among  authors  as  to  superiority  of 
rapid  freezing  over  slow  freezing  is  probably  a  result  of  the 
differences  in  organisms,  and/or  suspending  medium.    Heckly  (1961) 
found  that  varying  the  method  and  rate  of  freezing  without  addi- 
tives had  no  significant  effect  on  survival  of  either  S.  marcescens 
or  Klebsiella  pneumoniae.    Meryman  (1960b)  states  that  a  freez- 
ing rate  should  be  in  the  order  of  1  C  per  minute  on  the  basis 
of  purely  physical  evidence.    There  is  a  great  amount  of  disagree- 
ment on  the  rate  of  freezing  but  almost  all  workers  agree  that 
the  temperature  should  be  lowered  below  the  eutectic  point  of  the 
suspending  medium. 

Cell  Concentration 

Otten  (1930)  dried  3.  typhi.  Shigella  shigae.  and  V.  cholerae 
in  concentrated  cell  suspensions  and  the  sane  suspensions  diluted 
tenfold.    In  each  case  the  more  concentrated  suspension  gave 
higher  survival.    Stamp  (19^7)  found  that  a  dimunition  in  cell 
concentration  gave  an  increase  in  survival.    Fry  and  Greaves 
(1951 )  concluded  that  there  were  no  differences  in  survival  be- 
tween three  different  suspensions  of  the  same  organism  having 
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a  dilution  factor  of  10,000  between  the  highest  and  lowest. 
Benedict  et  al.  (1958)  working  with  S.  mar.cescens  and  Naylor-Smith 
solution  found  that  with  10$  NS  solution  the  survival  decreased 
with  a  decrease  in  cell  concentration  whereas  with  100$  NS  solu- 
tion the  reverse  was  true. 

Nutrition  and  Age  of  Cells 

Usually  the  organisms  to  be  lyophilized  were  grown  on  the 
medium  that  was  most  convenient.  Van  Drimmelen  (1956)  compared 
survival  rate  of  Brucella  abortus  grown  on  agar  with  B.  abortus 
grown  in  broth  and  found  no  differences  either  immediately  after 
drying  or  after  1  month  of  storage.  Kuggleton  (1960)  dried  BOG 
that  had  been  grown  on  four  different  media  and  obtained  essen- 
tially the  same  survival  rate  for  all  four. 

Heckly  (1 961 )  states:    "There  is.  general  agreement  that 
mature  cells  are  the  most  resistant  to  lyophilization".  However 
Proom  and  Kemmons  (19^9)  found  that  7  hr  cultures  of  S.  dysen- 
teriae  are  more  resistant  to  drying  than  either  12  hr  or  3  to  6 
day  cultures.    They  indicated  similar  results  with  E.  coli. 
Lemcke  (1959)  showed  a  direct  correlation  between  age  of  culture 
and  per  cent  survival.    The  survival  increased  from  0.02$  for 
1.25  hr  cultures  to  12.9$  for  18  hr  cultures.    Naylor  and  Smith 
(19Li-6)  found  that  S.  marcescens  grown  at  30  to  3^  C  for  1o  to  24- 
hr  survived  better  than  cells  grown  for  either  a  longer  or  shorter 
time.    Benedict's  (1953)  experiments  established  that  cells  grown 
under  constant  aeration  at  29  or  30  G  survived  significantly  bet- 
ter than  those  grown  at  21  or  25  C    Fry  (195^)  states.:    "It  is 
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vise  not  to  attempt  to  dry  very  young  cultures". 

Haynes,  et  al.  ( 1 961 )  lyophilized  cells  of.B.  popilliae 
3  to  h  days  of  age  (the  time  of  maximum  growth) .  No  survival 
percentages  were  given  nor  were  comparisons  made  with  younger  cells. 

Nature  of  the  Organism 

All  workers  agree  that  some  organisms  are  much  more  resis- 
tant to  drying  than  others.    On  the  upper  end  of  the  scale  of 
non-spore  formers  (Fisher  1950,  Fry  and  Greaves  1951,  Fry  195^) 
streptococci,  especially  S.  pyogenes,  seem  to  be  the  most  resis- 
tant to  drying.    Sporeformers  survive  drying  so  well  that  they 
are  seldom  used  in  assays  of  lyophilization  work.    Haynes  et  al. 
(1961)  lyophilized  vegetative  cells  of  B.  popilliae  and  found 
them  to  be  viable  after  20  months.    An  exception  is  anaerobic 
sporeformers,  which  in  the  work  of  Haynes  et  al.  (1955)  did  not 
survive  lyophilization.    The  majority  of  genera    studied  are 
only  moderately  resistant  to  lyophilization.    These  include  Sal- 
monella. Shigella ,  Brucella.  Pasteurella,  Mycobacterium ,  Serratia, 
Lactobacillus. 

The  least  resistant  genera  seem  to  be  Vibrio,  Neisseria  and 
Leptospira.    Stamp  (19^7)  lyophilized  a  large  variety  of  bacteria 
and  reported  unsatisfactory  survival  for  only  two,  Vibrio  and 
Neisseria.    Similarly,  Proom  and  Hemmons  (19^9)  showed  that  Vibrio 
and  Neisseria  were  the  most  sensitive  of  a  large  variety  of  orga- 
nisms.   Proom  and  Hemmons  (19^9)  stated  that  all  organisms  in 
their  collection  survived  drying  to  some  degree  with  the  exception 
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of  Leptospira . 

Degree  of  Vacuum  and  Drying  Temperature 

Heckly  ( 1 961 )  stated  that  20  to  100  u  Hg  is  considered  to 
be  a  good  vacuum  and  quite  satisfactory  for  most  lyophilizing. 
However,  if  the  temperature  of  the  suspension  is  below  -ho  C 
the  vapor  pressure  is  approximately  100  u  Hg  and  the  vacuum 
cannot  be  lower  than  the  vapor  pressure.    The  vacuum  necessary 
depends  on  the  temperature  at  which  the  substance  to  be  lyophil- 
ized  is  held,  in  other  words,  the  vapor  pressure  of  the  mater- 
ial (Redely  1961).    Early  workers  lyophilized  their  preparations 
using  relatively  high  pressures,  for  instance  Hammer  (1911) 
evacuated  to  18  mm  Hg  and  Swift  (1921)  used  a  pressure  of  2  to 
3  mm  Hg,  but  both  workers  kept  the  cultures  frozen  by  external 
cooling.    Stamp  (19^7)  dried  at  pressures  of  100  to  300  mm  Hg. 
Most  other  workers  have  used  the  best  vacuum  system  available. 
Reasons  for  this  are  based  on  principles  and  theories  as  outlined 
by  Meryman  (1960a,  b) ,  Rowe  (I960),  and  Greaves  (1960b). 

Storage  Atmosphere  and  Temperature 

Rogers  (191*0  stored  dried  cultures  of  bacteria  in  vacuum, 
air,  oxygen,  nitrogen,  hydrogen,  and  carbon  dioxide.    He  found 
the  highest  survival  with  vacuum  storage  and  the  lowest  with 
storage  in  air  and  oxygen.    All  the  gases  used  with  the  excep- 
tion of  air  were  carefully  dried.    Stark  and  Harrington  (1 931 ) 
state:    "Tests  showed  that  exposure  of  extremely  dry  bacteria 
to  free  oxygen  gas  causes  a  pronounced  killing  of  the  bacteria." 


15 


NayJLor  and  Smith  0  9k6)  working  with  S.  marcescens  found  that, 
survival  in  air  after  h-9  days  v/as  only  9/»  compared  to  99/j  survi- 
val in  vacuum.    With  nitrogen  treated  to  remove  residual  oxygen, 
carbon  dioxide  and  moisture  or  untreated  nitrogen,  survival  v/as 
only  26  to  2Q%.    Benedict  et  al.  (1961)  subjected  lyophilized 
S.  marcescens  to  v/et  and  dry  oxygen  and  nitrogen  ann  concluded 
that  oxygen,  not  moisture,  was  the  cause  of  death.    They  found 
loss  of  viability  to  be  directly  related  to  exposure  time.  The 
oxygen  of  air  was  found  to  kill  95)1  of  dried  S.  marcescens  in  10 
minutes.    Christian  and  Stockton  (1956)  found  that  survival  of 
S.  marcescens  and  S.  aureus  dropped  sharply  when  sealed  under  a. 
pressure  of  100  to  1 50  u  Hg  as  compared  to  a  pressure  of  60  to 
70  u  Hg.    However  losses  of  survival  were  only  slightly  greater 
at  700  to  750  u  Hg  than  those  at  100  to  150  u  Kg.    Keckly  et  al. 
(I960)  found  that  B.  melitensis  survived  storage  equally  as  well 
in  nitrogen  as  under  vacuum.'" 

Rogers  (191^)  reported  that  lactic  acid  bacteria  dried  in 
milk  gave  a  decreasing  survival  as  the  storage  temperature  was 
raised.    Thirty  to  60  day  storage  at  30  or  37  C  gave  very  little 
survival.    Weiser  and  Hennum  (19^+7)  found  that  lyophilized  cul- 
tures of  E.  coli  gave  a  higher  survival  rate  v/hen  stored  in  a 
refrigerator  than  at  room  temperature.     Proom  and  Eemmons  (19^7) 
obtained  similar  results  with  E.  coli  and  M.  meningitidis.  Heck- 
ly  et  al.  (I960)  found  that  the  number  of  3.  melitensis  cells 
surviving  when  stored  at  0  G  was' 1000  times  greater  than  those 
stored  at  20  G  after  6  months. 
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Residual  Moisture 

Fry  and  Greaves  (1951)  put  forth  the  hypothesis  that  glu- 
cose is  protective  because  it  acts  to  regulate  the  final  mois- 
ture content  and  prevents  the  suspension  from  becoming  too  dry. 
Workers  before  that  time  with  the  exception  of  Fisher  (1950) 
strived  to  obtain  maximum  dryness.    Fry  (195^)  states  that  the 
literature  of  bacterial  drying  abounds  with  phrases  such  as  "the 
cultures  must  be  as  dry  as  possible".    Scott  (1960)  reported  that 
at  temperatures  of  0  to  30  G  cultures  of  Salmonella  newport  sur- 
vived better  at  0.00aw  (aw  =  thermodynamic  activity  of  water  in 
a  solution  which  is  in  equilibrium  with  the  dried  culture). 
Muggleton  (1960)  referring  to  dextran  states:    "Dextran  is  singu- 
larly devoid  of  any  water-retaining  properties  in  itself,  and 
suspensions  of  3CG  and  other  bacteria  (e.g.  S.  aureus,  E.  coli, 
H.  pertussis)  are  readily  'over  dried'  with  a  simple  freeze- 
drying  apparatus  and  these  show  complete  loss  of  viability.  Such 
freeze-dried  products  have  less  than  0A%  water,  measured  by  vapor 
pressure  methods  (Edward's  apparatus),  and  demonstrate  that,  com- 
plete removal  of  water  is  incompatible  with  life."    He  also  sta- 
ted that  when  drying  BCG,  residual  moisture  of  0.6  to  t.2%  is 
optimum  and  removal  of  more  water  than  this  causes  excessive  loss 
of  viability  during  freeze-drying  whereas  more  residual  moisture 
(e.g.  more  than  about  1.8$)  causes  excessive  loss  of  viability 
during  storage. 
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MATERIALS  AND  METHODS. 

Growth  of  B.  popilliae 

B.  popilliae  NRRL  B-2309,  obtained  from  the  Northern  Utili- 
zation Research  and  Development  Division,  Agricultural  Research 
Service,  U.S.  Department  of  Agriculture,  Peoria,  111.,  was  used 
in  all  studies. 

Cells  were  grown  in  300  ml  Erlenmeyer  flasks  containing  100 
ml  of  broth  medium.    The  medium  (Rhodes  et  al.  1966)  consisted 
of  1.5$  yeast  extract  (Difco),  Q,%  tryptone  (Difco),  0-3$  K^HPOi^, 
and  0.2$  glucose.    A  20%  solution  of  glucose  was  sterilized  sepa- 
rately and  1.0  ml  of  this  solution  was  added  to  99  ml  of  the  broth 
medium  giving  a  final  concentration  of  0.2$.    Constituents  of 
the  medium  were  autoclaved  at  121  C  for  15  minutes.    The  pH  was 
checked  by  potentiometer  and  adjusted  ,to  7.0-7.2.  Inoculated 
cultures  v/ere  shaken  on  a  New  Brunswick  rotary  shaker  at  200 
rev./min.  and  incubated  at  25  C.    Actively  growing  cultures  were 
maintained  by  2k  hr  transfer. 

Preparation  of  Cells  for  Lyophilization 

Five  ml  of  a  2k-  hr  culture  were  used  to  inoculate  each 
flask  of  growth  medium.    After  9-12  hr  or  2k  hr  the  cells  were 
harvested  by  centrifugation  at  1800  rpm  for  15  minutes  in  an 
International  swing  head  centrifuge.    Supernatant  was  poured 
off  and  cells  were  re suspended  in  the  stabilizing  medium  to  a 
final  concentration  of  approximately  1.0  x  10^  to  2.0  x  1010. 
One-half  ml  of  this  suspension  was  then  placed  in  10  ml  glass. 
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ampoules  (American  Instrument  Company,  Inc.).   or  in  3  ml-  glass, 
ampoules  (made  in  the  lab.). 

Prefreezing  and  Lyophilization 

Cells,  as  prepared  above,  were  prefrozen  in  one  of  two  ways. 
Cells  were  either  shell  frozen  in  an  ethylene  glycol  monomethyl 
ether-Dry  Ice  bath  at  -65  C  for  2  minutes  or  they  were  plug  fro- 
zin  in  liquid  nitrogen  vapor.    Cells  were  frozen  in  the  latter 
method  by  placing  ampoules  in  a  tube  leading  to  an  otherwise,  en- 
closed reservoir  of  liquid  nitrogen.    A  v/ire  holder  located  approx- 
imately 2  feet  above  the  surface  of  the  liquid  nitrogen  held 
the  ampoules  in  place.    Liquid  nitrogen  entering  the  reservoir 
from  a  pressurized  tank  forced  the  vapor  up  through  the  tube 
giving  a  temperature  drop  from  ambient  to  approximately  -165  C. 
in  15  minutes.    Hate  of  temperature  drop  was  regulated  by  increas- 
ing or  decreasing  the  amount  of  liquid  nitrogen  entering  the 
reservoir. 

The  temperature  was  determined  by  using  an  iron-constantan 
thermocouple.    Voltages  were  determined  by  using  a  Leeds  and  Kor- 
thrup  potentiometer. 

After  prefreezing,  vials  were  immediately  placed  on  an 
American  Instrument  Company  Lab  Model  Freeze  Dry  Apparatus,  un-  • 
less  otherwise  noted.    No  vials  were  placed  on  the  lyophilizer 
until  a  pressure  of  less  than  1  50  u  Hg  was  reached.    Vials  were 
lyophilized  at  ambient  temperature,  unless  otherwise  noted,  for 
h  to  5  hr  at  approximately  10  u  Hg.    A  jeweler's  torch  was  used 
to  seal  the  ampoules  so  that  vacuum  was  maintained. 
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Plate  Counts 

Plate  counts  were  made  on  growth  medium  solidified  with 
2.0%  agar.    Control  counts  were  established  by  making  triplicate, 
serial  dilutions  of  1.0  ml  of  the  unfrozen  suspension  in  0.1$ 
tryptone  water.    Five  replications  of  each  appropriate  dilution 
were  plated.    One  tenth  ml  was  spread  uniformly  over  the  surface 
of  the  medium  with  a  glass  spreader. 

Experimental  counts  were  made  in  the  same  manner  after  the 
dried  cells  had  been  reconstituted  with  2.0  ml  of  growth  medium.. 
This  gave  an  initial  dilution  of  1  ih  which  was  corrected  for 
when  making  the. plate  counts.    After  5  to  7  days'  incubation  at 
25  C,  colonies  were  counted  using  a  Quebec  colony  counter.  All 
counts  reported  are  log  averages  of  the  triplicate  dilutions. 

Stabilizing  Media 

Sixty  five  stabilizers  including  proteins,  polysaccharides, 
colloids,  reducing  agents  and  a, variety  of  other  miscellaneous 
materials  such  as  surface  active  agents  and  dimethyl  sulfoxide 
or  combinations  of  these  were  screened.    Four  of  these  stabili- 
zers were  selected  for  further  work  because  of  their  protective 
action  based  on  viability  of  cells  immediately  after  lyophiliza- 
tion.    These  stabilizers  were  0.5%  amylomaize  high  arnylose  plus 
5.0%  L  monosodium  glutamate,  0.5%  gum  tragacanth  plus  5.0%  L  . 
mono sodium  glutamate,  1 .0%  gelatin,  and  horse  serum  plus  5*0% 
L  monosodium  glutamate. 
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Yeast  Extract  Study 

Certain  lots  of  yeast  extract  failed  to  support  growth  of 
B.  oopiliiae.    A  total  of  20  different  lots  of  yeast  extract 
from  five  different  manufacturers  was  screened  for  amount  of 
growth  produced  in  growth  medium..    Growth  medium  was  made,  in- 
oculated and  incubated  as  described  earlier.    Optical  density 
readings  v/ere  ta"ken  at  525  mu  at  2  hour  intervals  for  2Lf  hours. 

Study  on  Survival  of  Cells  Held  at 
Different  Ampoule  Temperatures  during  Lyophilization 

Twenty- four  hr  cells  were  prepared  and  prefrozen  in  an 
ethylene  glycol  monomethyl  ether  -Dry  Ice  bath  at  -65  C  and 
lyophilized  as  described  earlier.    Ampoules  were  held  at  one  of 
three  temperatures;  -17  C  in  an  ice-salt  bath;  at  0  C  in  ice 
alone  or  at  ambient  temperature.    The  stabilizing  medium  was 
0.5$  gum  tragacanth  plus  5*0$  L  mono  sodium  glutamate. 

Tempering  Studies 
Twenty-four  hr  cells  suspended  in  0.5$  gum  tragacanth  and 
5.0$  L  monosodium  glutamate  were  prefrozen  at  -65  C  and  then 
stored  at  -17  C  and  -65  C  for  1  hr  prior  to  being  placed  on  the 
lyophilizer.    Ampoules  v/ere  held  at  -17  C  during  lyophilization." 

Young  Cell  Studies 

Nine  to  12  hr  cells  (log  phase)  were  prepared,  pre- 
frozen at  -65  C,  and  lyophilized  as  described  earlier.  Ampoules 
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were  held  at  -17  C  during  lyophilization.    Stabilizing  media 
used  were  0.5$  gum  tragacanth  plus  5-0$  L  monosodium  glutamate 
and  horse  serum  plus  5.0$  L  monosodium  glutamate. 

Study  on  Effect  of  Concentration 
of  L  Monosodium  Glutamate 

Nine  to  12  hr  cells,  suspended  in  different  concentrations 
of  L  monosodium  glutamate  were  prefrozen  in  liquid  nitrogen  vapor 
and  lyophilized  with  ampoules  held  at  ambient  temperature.  Con- 
centrations of  L  monosodium  glutamate  used  were  0.25$,  0.5$, 
1.0$,  3.0$,  5-0$,  7.0$  and  10.0$. 

Survival  Study  -  Method  1 

Twenty-four  hr  ceils  were  prefrozen  at  -65  C  and  lyophil- 
ized as  described  earlier.    Ampoules  were  held  at  -17  C  during 
lyophilization  and  were  stored  at  7  C  in  a  refrigerator.  Via- 
bility was  checked  weekly  up  to  1  month.    Stabilizing  media  used 
were  0.5$  amylomaize  high  amylose  plus  5.0$  L  monosodium  gluta- 
mate, 0.5$  gum  tragacanth  plus  5*0$  L  monosodium  glutamate  and 
1 .0$  gelatin. 

Survival  Study  -  Method  II 

Nine  to  12  hr  cells,  prepared  as  described  earlier,  were 
prefrozen  in  liquid  nitrogen  vapor.    Ampoules  were  held  at  am- 
bient temperature  during  lyophilization.    Storage  was  at  room 
temperature  in  the  dark.    Vials  were  opened  immediately  after 
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drying  and 'at  six  months.    The  stabilizing  medium  was  0-5/j  gum 
tragacanth  plus  5*0^  E  monoscdium  glutamate. 

RESULTS.  AND  DISCUSSION 

Yeast  Extract  Study 

Early  in  the  work,  great  variation  was  found  in  the  amount 
of  growth  produced  in  the  media.    Day- to  day  transfers  of  the 
culture  would  suddenly  stop  producing  optimum,  growth  and  colo- 
nies on  solidified  medium  were  nonexistant  or  almost  micro- 
scopic after  the  regular  5  to  7  day  incubation.    The  colonies 
failed  to  appear  or  increase  in  size,  if  present,  upon  further 
incubation. 

Suspicions  as  to  the  cause  of  this  problem  were,  focused  on 
the  yeast  extract  used  in  the  growth  medium  when  it  was  noted 
that  certain  lots  of  yeast  extract  required  a  greater  amount 
of  NaOH  to  achieve  the  required  pH  of  7.2. 

Twenty  lots  of  yeast  extract  from  five  different  companies 
were  screened  for  their  effect  on  growth  of  B.  popiliiae.  All 
growth  media  were  made  in  exactly  the  same  way.    Optical  density 
readings  ranged  from  0.00  to  0.7^  after  2h  hr  as  shown  in  Table 
1 ..    Of  the  20  lots  tested  only  three  gave  growth  considered  to 
be  maximum  (Company  A-5,  9,  12).    Two  others  (Company  A-6,  Com- 
pany E-1 )  gave  growth  which  was  considered  to  be  good  but  less 
than  maximum.    The  remaining  15  lots  gave  growth  which  was  con- 
sidered to  be  unsatisfactory. 

Grov/th  curves  are  shown  in  Plate  I  for  a  typical  "good" 
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TABLE  t.    Effect  of  different  lots  of  yeast  extract  on 
growth  of  Bacillus  popilliae 


Brand  of 

Lot  number 

O.D.  after  2^  hr 

yeast  extract 

A 

1 

M 

A 

XI 

2 

.25 

A 

3 

.17 

A 

1 

Ah 

A 

5 

.72 

A 

6 

.66 

A 

A 

7 

.28 

A 

o 
0 

.28 

ft 

A 

9 

.7h 

A 

10 

.25 

A 

11 

•29 

ft 

A 

1  2 

.7* 

A 

13 

.10 

B 

1 

.00 

C 

1 

.kO 

c 

2 

.00 

c 

3 

.00 

D 

1 

.00 

E 

1 

.59 

E 

2  • 

M 

2k 

and  "poor"  yeast  extract. 

Complete  amino  acid  (except .L.glut amine)  and  vitamin  arrays 
were  added  to  samples  of  the  "poor"  yeast  extract.    No  increase 
in  growth  was  noted.    Growth  in  medium  made  with  "good."  yeast  ex- 
tract could  be  inhibited  by  adding  as  little  as  0.5%  "poor"  yeast 
Therefore,  it  is  thought  that  the  lack  of  growth  was  caused  by 
an  inhibitory  substance  in  the  yeast  extract  rather  than  a  lack 
of  nutritional  requirements.    Irie  et  al  (1962)  found  that  dif- 
ferent lots  of  yeast  extract  gave  great  variation  in  growth  of 
Lactobacillus  bulgaricus.    He  considered  the  cause  to  be  lack 
of  nutritional  requirements  since  addition  of  pantethine  and 
"Tween  80"  improved  growth. 

Effect  on  Survival  of  Cells 
Held  at  Different  Ampoule  Temperatures 
During  Lyophilization 

Ampoules  held  at  ambient  temperature  during  lyophilization 
exhibited,  considerably  higher  viability  immediately  after  lyophi- 
lization than  did  those  held  at  -17  C  or  0  C.    This  higher  via- 
bility rate  {22.2$  for  vials  held  at  ambient  temperature  compared 
to  approximately  3$  for  those  held  at  -17  C  and  0  G)  may  have 
been  due  to  the  more  efficient  removal  of  the  water. 

Since  the  rate  of  water  removal  depends  on  heat  added  to 
the  system  and  on  the  straightness  of  the  path  which  the  water 
vapor  must  travel,  it  is  possible 'that  efficiency  of  water  re- 
moval could  affect  survival  of  the  cells.    The  drying  process 
starts  on  the  surface  facing  the  path  of  exit  of  the  water  vapor 
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and  continues  toward  the  opposite  boundary.    If  evaporation  of 
the  water  in  the  center  of  the  specimen  is  not  fast  enough,  thaw- 
ing could  occur  causing  death. 

Samples  lyophilized  at  ambient  temperature  were  satisfacto- 
rily dried  on  an  average  of  1  hr  faster  than  those  held  at  -17  G 
and  0  C. 

Effect  of  Tempering 
On  Survival  of  B.  popilliae 

It  was  thought  that  more  cells  might  survive  lyophilization 
if  cells  were  given  a  chance  to  "adjust"  to  the  initial  shock 
of  freezing.    However,  this  was  not  the  case.    No  differences  in 
survival  were  noted  between  cells  held  for  1  hr  at  -17  C  and 
cells  held  at  -65  C  or  between  cells  frozen  similarly  and  immed- 
iately lyophilized. 

Effect  of  Age  of  Cells  on  Survival 

It  was  found  that  young  cells  of  3.  popilliae  (9-1 2hr) 
survived  lyophilization  better  than  cells  in  the  stationary  phase 
(2*+  hr).    The  average  per  cent  survival  of  young  cells  was  12.65 
compared  to  2.55$  for  2h  hr  cells. 

This,  with  a  few  exceptions,  is  contrary  to  findings  of  most 
workers  as  cited  in  the  review  of  literature.    It  is  possible 
that  certain  species  of  bacteria  .could  survive  lyophilization 
better  at  a  younger  age  since  waste  materials  produced  by  the  cells 
could  be  concentrated  to  toxic  strength  by  the  freezing  process. 


28 


In  the  case  of  B.  popilliae  this  could  be  hydrogen  peroxide  which 
the  organise  prod-aces  but  is  unable  to  degrade  (Pepper  and  Costi- 
low  1965). 

Effect  of  Concentration 
Of  L  Mono sodium  Glutamate  on  Survival 

Since  there  is  controversy  concerning  the  concentration  of 
L  mono sodium  glutamate  which  gives  the  best  survival  (Killer  and 
Goodner  1953?  Cho  and  Obayashi  1956,  Greaves  1960a),  a  study  was 
made  to  determine  the  optimum  concentration  to  use  for  lyophili— 
zation  of  3.  popilliae.  Results  of  this  study  are  shown  in  Table  2» 

TABLE  2.    Effect  of  different  concentrations  of  L  monoso- 
dium  glutamate  on  survival  of  Bacillus  popilliae 


Concentration 

Control, 
cells/ml 

Viable  immediately 
after  lyophilization  -  % 

0.25 

6.23  3L  109 

0.5 

3.72  x  10? 

1 .71 

1.0 

5.61  x  109 

2.23 

3.0 

8A7  x  109 

5.0 

5.0 

^.06  x  109 

^2.80 

7.0 

— * 

10.0 

 * 

 * 

*  High  concentrations  caused  bubbling  during  drying  and  no  cells 
were  recovered  in  dilutions  plated 


It  can  be  seen  from  these  data  that  the  best  survival  was 
given  by  a  concentration  of  J>..0$  L  mono  sodium  glutamate.    This  is 
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in  agreement  with  the  work  done  by  Greaves  (1960a)  and  contrary 
to  the  results  of  Killer  and  Goodner  (1953)  and  Cho  and  Obayashi 
(1956).    It  must  be  remembered  that  different  organisms  were 
used  by  these  workers  and  variations  in  results 'are  possible  due 
to  the  different  characteristics  of  the  organisms. 

Survival  Study  -  Method  I 

Highest  survival  was  obtained  with  0.5^  gum  tragacanth  plus 
5.0%  L  monosodium  glutamate.    More  than  a  tenfold  increase  in 
survival  of  cells  was  noted  initially  and  maintained  up.  to  1  month 
with  this  stabilizer.    Results  of  this  study  are  shown  in  Table 
3.    The  \9Q%  gelatin  and  the  0.5%  amylomaize  high  amy lose  plus 
5.0/a  L  monosodium  glutamate  were  about  eaual  in  their  protective 
action,  although  the  viability  of  cells  in.  1 .0%  gelatin  seemed  to 
drop  over  the  1  month  period.    The  number  of  cells  surviving  after 

TABLE  3.  Survival  of  cells  of  Bacillus  po-oilliae  -  Method  I 


0.5/2  amylomaize  high  amylose  plus  5-0/2  Na  glutamate  as  stabilizer 


Time  Viable  cells  %  viable 

Control  1,0  x  1010   

Immediately 

after  drying  2.91  x  10?  0.29 

1  week  3.10  x  10?  0.31 

2  weeks  ij.,92  x  106  0.0V 

3  weeks  2.20  x  107  0.22. 
weeks  2.77  x  107  0.29 


30 


TABLE  3-  (cont.) 


Q.5#  gum  traj 

^acanth  plus  5*0%  Na  glutamate  as 

stabilizer 

Time 

Viable  cells 

$  viable 

Control 

9.60  x  109 

Immediately 
after  drvinp 

"\.      x  108 

^.70 

1  week 

3.02  x  108 

3Ak 

2  weeks 

N-.to  x  io8 

i+.28 

3  weeks 

1.96  x  108 

2.08 

h  weeks 

1 .8^  x  108 

1 .91 

1.0$  gelatin  as  stabilizer 

Time 

Viable  Cells 

%  viable 

Control 

1 .60  x  101Q 

Immediately 
after  drying 

Lf.62  x  10? 

0.29 

t  week 

*k55  x  to7 

0.28 

2  weeks 

2. x  107 

0.1? 

3  weeks 

1 .0^  x  107 

0.06 

h  weeks 

2.3^  x  10? 

0.15 

1  month  in  the  0.5%  gum  tragacanth  plus  5.0$  L  monosodium  gluta- 
mate was  lower  than  immediately  after  drying.    However,  it  was 
felt  that  this  drop  would  be  insignificant  if  a  much  higher  ini- 
tial survival  could  be  obtained. 


Survival  Study  -  Method  II 

B.  popilliae,  frozen  in  liquid  nitrogen  vapor  at  -195  C 
and  thawed  slowly  in  ice  water  retained  virtually  \00%  viability. 
However  cells  frozen  and  thawed  in  a  similar  manner  at  -65  C 
rarely  gave  more  than  1.0  or  2.0$  viability  (C.S.  Herzmann,  per- 
sonal communication) . 

Viability  of  cells  prefrozen  in  liquid  nitrogen  vapor, 
based  on  counts  immediately  after  lyophilization,  is  shown  in 
Table  k.    Survival  of  cells  lycphilized  in  this  manner  averaged 
59. 3/*  immediately  after  drying  compared  to  3,7%  survival  of  cells 
lyophilized  as  in  Survival  Study  -  Method  I. 

TABLE  h.    Survival  of  ceils  of  Bacillus  popilliae  -  Method  II 


Exp. 

Control 
cells/ml 

Cells/ml  viable 
immediately  after  drying 

Viable 
after 

immediately 
drying  -  % 

1 

2.6?  x 

10? 

•  1 .29 

x  109 

^7.3 

2 

I;-.06  x 

10? 

1 .7^ 

x  109 

^2.8 

3 

1.83  x 

109 

1 .07 

x  109 

58A 

h 

7.75  x 

109 

x  109 

57-0 

5 

1.91  x 

10'0 

9.13 

x  109 

^7.8 

6 

1  A3  x 

101O 

6.60 

x  to* 

hS,0 

7 

^.63  x 

10* 

3-23 

x  109 

69-9 

8 

6.76  x 

\q9 

x  108 

83.3 

9 

1 .20  x 

t02 

9,h6 

x-  108 

78.7 

10 

3. A  x 

to9 

1.95 

x  109 

62.1 
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From  these  data  it  is  concluded  that  lyophilization  of  B. 
T)OPilliae  using  Method  II  is  greatly  superior  to  Method  I,  at 
least  on  the  basis  of  survival  immediately  after  drying. 

Table  5  shows  the  percentage  of  cells  lyophilized  by  Method 
II  surviving  after  6  months'  storage.    The  average  viability 
after  this  period  was  10.5$  ^or  the  six  experiments. 


TABLE  5.    Survival  of  cells  of  Bacillus  noisilliae  (Method 
II)  after  six  months 1 . storage 


Exp. 

Control 
cells/ml 

Viable  immediately 
after  drying  -  % 

Viable  after 
6  months'  storage  -  % 

1 

1.91  x  101Q 

V7.8 

2.8* 

2 

1  A3  x  1010 

ke.o 

1.6* 

3 

h.63  x  109 

69.9 

25.8 

h 

6.76  x  109 

S3. 3 

15.6* 

5 

1 .20  x  1C-9 

76-7 

A.5 

6 

3.  A  x  109 

62.1 

2A 

*  only  one  sample 

It  must  be  remembered  that  these  cells  were  stored  at  room 
temperature  which  fluctuated  between  25  and  30  C..    It  has  been 
reported  that  survival  of  cells  of  B.  melitensis  stored  at  0  C 
was  1000  ti^es  greater  than  those  stored  at  37  C  (Keckly  et  a!**  I960) 
Other  workers  (Rogers  19A?  Weiser  and  liennum  19^7}  Proom  and 
Hemmons  19^7)  have  shov/n  that  lyophilized  cells  stored  at  tem- 
peratures slightly  above  freezing  survived  many  times  better 
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than  those  at  room  temperature  or  above.    If  the  number  of  cells, 
surviving  in  this  experiment  were  increased  only  six  times  by 
reducing  the  storage  temperature,  the  survival  would  then  be 
virtually  100$  of  the  cells  viable  immediately  after  drying. 
The  fact  that  cells  stored  in  the  refrigerator,  in  Method  I, 
showed  very  little  decrease  in  viability  after  storage  for  one 
month  also  leads  to  this  conclusion. 

It  has  been  shown  that  cells  of  B.  popilliae  can  be  lyophi- 
lized  and  stored,  maintaining  a  relatively  high  number  of  viable 
cells  for  at  least  6  months.    It  is  thought  that  a  combination 
of  factors,  including  use  of  young  cells,  prefreezing  in  liquid 
nitrogen  vapor  and  the  use  of  Q>.5%  gum  tragacanth  plus  5*0%  L 
mono sodium  glutamate,  and  the  temperature  at  which  cells  are  held 
during  lyophilization,  rather  than  any  one-  of  these,  is  responsi- 
ble for  the  high  survival  obtained  in  Method  II.    It  is  felt 
that  this  combination  plus  storage  of  the  dried  product  at  a.  tem- 
perature slightly  above  freezing  provides  a  means  for  preserving 
and  maintaining  large  numbers  of  viable  cells  of  3.  popilliae 
for  use  as,  a  bacterial  insecticide. 

SUMMARY  ' 

When  growing  B.  popilliae  in  preparation  for  lyophilization 
it  was  found  that  different  lots  of  yeast  extract  used  in  the 
medium  greatly  affected  growth. 

B.  popilliae  was  lyophilized  to  determine  the  effect  of 
different  stabilizing  media,  tempering  of  cells,  use  of  young 
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cells,  temperature  at  which  cells  are  held  during  lyophilization, 
and  different  concentrations  of  L  mono sodium  glutamate  on  sur- 
vival. 

Two  general  methods  of  lyophilization  and  maintenance  were 
used  to  retain  viability.    In  Method  I  cells  were  suspended  in 
three  different  stabilizers,  prefrozen  in  an  ethylene  glycol 
monomethyl-Dry  Ice  bath  at  -65  C  and  lyophilized  at  -17  C.  The 
dried  product  was  stored  at  7  C  in  a  refrigerator. 

In  Method  II  cells  were  suspended  in  0.5/*  gum  tragacanth 
plus  5.0/a  L  monosodium  glutamate,  prefrozen  in  liquid  nitrogen 
vapor  and  lyophilized  at  ambient  temperature.    The  dried  product, 
was  stored  at  room  temperature. 

Of  all  stabilizers  screened,  0.5%  gum  tragacanth  plus  5*0% 
L  monosodium  glutamate  gave  the  best  survival.    Tempering  of 
cells  had  no  effect  on  survival.    Young  cells  survived  better 
than  mature  cells.    The  optimum  concentration  of  L  monosodium 
glutamate  was  5«0/L    Cells  held  at  ambient  temperature  survived 
better  than  those  held  at  lower  temperatures. 

Cells  lyophilized  and  maintained  by  Method  II  gave  a  much 
higher  survival  than  cells  lyophilized  and  maintained  by  Method  I. 
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ABSTRACT 


Vegetative  cells,  of  Bacillus  DQ-oilliae  Dutky  were  lyophi- 
lized to  determine  the  effect  of  certain  factors  on  the  survival 
of  this  organism. 

Sixty-five  materials  or  combinations  of  materials  were 
screened  for  their  protective  effect  during  iyophilization.  The 
best  protection  of  3.  ponilliae  was  given  by  0»5%  g"1^  tragacanth 
plus  5,0%  L  monosodium  glutamate. 

It  was  found  that  "tempering"  of  cells  after  prefreezing 
had  no  effect  on  survival  after  Iyophilization.    Also  cells  lyo- 
philized  at  ambient  temperature  survived  better  than  cells  lyophi- 
lized  at  lower  temperatures. 

Cells  in  the  early  log  phase  survived  Iyophilization  better 
than  cells  in  the  stationary  phase  of  growth. 

The  optimum  concentration  of  L  monosodium  glutamate  in  the 
stabilizer  was  ?.Q%. 

Two  general  methods  of  Iyophilization  were  used.    In  Method 
I,  stationary  phase  cells  were  prefrozen  at  -65  C  and  lyophilized. 
Cells  were  held  at  -1?  C  during  Iyophilization  and  the  dried  pro- 
duct was  stored  at.  7  C. 

In  Method  II,  early  log  phase  cells  were  prefrozen  in  li- 
quid nitrogen  vapor  at  -165  C  and  lyophilized.    Cells  were  held 
at  ambient  temperature  during  Iyophilization  and  the  dried  pro- 
duct was  stored  at  room  temperature.    Method  II  gave  a  much  higher 
survival  both  Immediately  after  Iyophilization  and  after  storage. 


